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Abstract 
We investigated the fabrication of single-phase Nb films and hetero-epitaxial multi-layered films of Nb/AlN/Nb for SIS junctions. 
The Nb and multi-layered Nb/AlN/Nb films were deposited on NbN buffered MgO(100) single-crystal substrates at 753 K by using 
a dc magnetron sputtering system. We observed that the Nb films grow to Nb(200) orientation by measuring a standard 2ș/ș X-ray 
diffraction. The ĳ-scan diffraction peaks of Nb(200) were rotated by 45 degrees in-plane orientation for those of both NbN(220) 
and MgO(220). We found that NbN buffer layer with the thickness of a few nm was effective to enhance the Nb(200) 
orientation. The best thickness for a NbN buffer layer to grow epitaxial of Nb film was approximately 3 nm. Also, we examined 
dependence of degree of Nb(200) orientation and surface roughness(Ra) on multi-layered films. As a result, we found that the 
multi-layered films had flat surface interfaces for SIS junctions almost equivalent to single-layered films. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of ISS Program Committee. 
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1. Introduction 
Detector technologies using a superconductor-insulator-superconductor (SIS) with all niobium (Nb) electrodes are 
gradually approaching the quantum noise limit in the millimeter and sub-millimeter wave. A detector is desired the 
reduction of the sub-gap leakage current to the limit indicated in the BCS theory. The sub-gap leakage current in the 
SIS mixer reduces exponentially as temperature goes down, but the reduction is saturated below a given temperature 
[1-3]. Improving quality of Nb films is expected to obtain a low sub-gap leakage current at low temperature [2]. There 
is a report of growth single-crystal of Nb films on sapphire substrates [4]. However, because there have been few 
experiments on SIS junctions using hetero-epitaxial multilayer films, the experimental comparison between poly-
crystal and single-crystal of multi-layered films have not been experimentally compared. In this work, we fabricated 
the single-phase Nb thin films and multi-layered films of Nb/AlN/Nb using NbN buffered MgO substrates. A high 
substrate temperature may be necessary to obtain epitaxial Nb. During the deposition of the multi-layered films, a high 
substrate temperature will induce impurity diffusion and interaction at the interface in the multi-layered films using 
low melting point materials [5]. Therefore aluminium nitride (AlN) was chosen as the insulator, because the very hard 
physically, the strong bond between the atoms, thermal, and chemical stability. Also, we investigated the flatness of 
the interface in the multi-layered films and the condition in which the multi-layered films are epitaxially grown. 
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2. Experimental procedure 
2.1. Deposition method of Nb/NbN and multilayered Nb/AlN/Nb/NbN films 
The Nb/NbN and multilayered Nb/AlN/Nb/NbN films were deposited on MgO(100) substrates by using a dc 
magnetron sputtering system. A 10 mm×10 mm×0.5 mm MgO(100) single crystal substrate was intentionally heated 
during the deposition by using a lamp heater at substrate temperature (Ts) of 753 K. To enhance the epitaxial growth of 
the Nb films, we used the NbN buffer layer on the MgO substrates. The NbN buffer layer, the base-Nb electrode, the 
AlN layer, and the top-Nb electrode had thicknesses of 3 nm, 100 nm, 1-4 nm, and 50 nm, respectively. The films 
were sputtered in a chamber with a base pressure less than 1.35×10-6 Torr. The targets of niobium (ĭ75 mm, 99.99 %) 
and aluminum (ĭ50 mm, 99.99 %) were used for the sputtering. The other sputtering conditions are listed in Table 1. 
The NbN buffer films were fabricated by reactive dc magnetron sputtering of niobium in an Ar-N2 mixture [5]. 
Table 1. Sputtering conditions of Nb, NbN, and AlN films 
Material Discharge power (W) Ar flow (sccm) N2 flow (sccm) Total pressure (mTorr)
NbN 102 2.12 0.70 2.0 
Nb 385 2.42 0 2.0 
AlN 100 0 6.0 2.3 
2.2. Evaluation method 
The crystal structures of the Nb films and multilayered Nb/AlN/Nb/NbN films were studied using standard 2ș/ș X-
ray diffraction (XRD) measurements with Cu-Ka radiation. The resistances vs. temperature (R-T) curves for the films 
were measured by the standard four-probe method. We measured the surface morphology of these films by the 
dynamic force microscopy (DFM) in order to investigate the microstructures of the films. 
3. Result and discussion 
3.1.  Crystal structure and electrical properties of Nb films 
Fig. 1 (a) shows typical XRD patterns of Nb films deposited on NbN buffer films with the thicknesses of 0 and 10 
nm. The thickness of all of the Nb films was approximately 433 nm. The Nb(433 nm) film deposited on the MgO 
substrate showed both Nb(110) and Nb(200) diffraction peaks as shown in the data in Fig. 1 (a). By contrast, only a 
strong Nb(200) diffraction peak of Nb(433 nm) film deposited on NbN(10 nm) buffered MgO substrate was observed. 
Fig. 1 (b) shows typical XRD ĳ-scan diffraction patterns of Nb film deposited on NbN buffer film with thicknesses of 
10 nm. We used the Nb(110), NbN(220) and MgO(220) ĳ-scan diffraction peaks. We found that the NbN(220) and 
MgO(220) ĳ-scan diffraction peaks appeared at the same angles, at intervals of 90 degree. Also, ĳ-scan diffraction 
peaks of Nb(200) are rotated 45 degree in-plan orientation for ĳ-scan diffraction peaks of NbN(220) and MgO(220). 
The lattice constants of Nb, NbN, and MgO are 0.330 nm, 0.439 nm, and 0.421 nm, respectively. The lattice 
mismatches were 4.2% for cube-on cube NbN/MgO and -24.8% for cube-on cube Nb/MgO. However the lattice 
mismatch was 6.3% for NbN/MgO, when Nb(200) was rotated 45 degree in-plan orientation. The lattice parameter 
calculated from typical XRD pattern was 0.440 nm for NbN(200) and larger than the lattice parameter for bulk NbN, 
0.439 nm. As a result, we found it important to facilitate hetero-epitaxial growth of Nb films that may be used as a 
NbN buffer layer on a MgO(100) substrate. 
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Fig. 1. (a) XRD patterns of Nb(433 nm)/MgO and Nb(433 nm)/NbN(10 nm)/MgO; (b) ĳ-scan diffraction patterns of Nb(433 
nm)/NbN(10 nm)/MgO: (c) Nb films, (d) NbN films, and (e) MgO substrate. 
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Fig. 2. (a) Dependence of degree of Nb (200) orientation on NbN film thickness; (b) Dependence of Tc and RRR on NbN film 
thickness. 
To investigate the 200 orientation of the Nb films, we defined the degree of Nb(200) orientation (D200) as below: 
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where I200 and I110 are the intensities of Nb(200) and Nb(110), respectively. Fig. 2 (a) shows the dependence of the D200 
of the Nb films on the thickness of the NbN buffer films. The solid line shows an eye-guide line for connecting these 
experimental data. The thickness of all Nb films to which an electrode of SIS junctions was applied was 100 nm. The 
thicknesses of these NbN buffer films were varied from 0 to 10 nm. The D200 values were increased with the 
thicknesses of NbN varied from 2 to 5 nm and decreased at the thicknesses of 10 nm. Also, when the NbN buffer film 
was 5 nm thick, it showed higher orientation. These results indicate that NbN buffer films with the thickness of a few 
nm were effective to obtain the Nb(200) orientation which means the epitaxial growth of the Nb films on the NbN 
buffered MgO substrates.In order to investigate the cause of these results, the 2ș/ș measurements of these samples 
were carried out. Though no clear XRD NbN(200) peaks were observedfor NbN with thickness 5 nm, we speculate 
that the D200 values vary by small lattice constant changes in these NbN buffer layers. Fig. 2 (b) shows the dependence 
of critical temperature Tc and residual resistivity ratio (RRR) on the thickness of NbN buffer films. The solid line is an 
eye-guide line for connecting the data. To investigate the quality of the Nb films, we defined the RRR value as 
RRR=R300K/R10K, where R300 K and R10 K are the resistances of temperatures at 300 K and 10 K, respectively. When the 
NbN buffer films were 10 nm thick, Tc was 12 K. This was influenced by superconducting properties of NbN, when 
the NbN buffer films were 10 nm thick [6]. On the other hand, when the NbN buffer films were 3 nm thick, RRR value 
showed the higher value of 6.44. Therefore, we could obtain the higher RRR value for Nb/NbN films deposited on the 
3 nm thick NbN buffer films. 
3.2.  Surface morphology and crystal structure of multi-layered Nb/AlN/Nb/NbN films 
Fig. 3 (a) shows XRD patterns of Nb/AlN/Nb/NbN multi-layered films. These thicknesses of AlN films are from 0 
to 4 nm. The base-Nb electrode, the top-Nb electrode, and NbN buffer films had thicknesses of approximately 100 nm, 
50 nm, and 3 nm, respectively. All Nb/AlN/Nb/NbN multi-layered films showed Nb(200) diffraction peaks, but Nb 
single layer with thickness of 150 nm shows higher Nb(200) diffraction peak. Therefore, we investigated dependence 
of D200 on film thickness of AlN insulator. Fig. 3 (b) shows dependence of D200 on the thickness of AlN films. The 
solid line shows an eye-guide line. The thicknesses of AlN films were varied from 0 to 4 nm. The Nb/AlN/Nb/NbN in 
all AlN film thickness shows the Nb (200) orientation. The D200 of all AlN film thicknesses were greater than 80 %, 
but were more than 95 % for single Nb films. Therefore, the grain and in-plan orientation of the top-Nb electrode layer 
of the multilayer might be not perfectly oriented. 
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Fig. 3. (a) X-ray diffraction patterns of Nb/AlN/Nb/NbN films; (b) Dependence of degree of Nb (200) orientation on AlN film 
thickness. 
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Fig. 4. ĳ-scan diffraction patterns of Nb (200): (a) Nb/NbN (150/3 nm)films and (b) Nb/AlN/Nb/NbN (50/1/100/3 nm)films. 
Table 2. Characteristics for surface roughness and crystal structure of Nb/AlN/Nb/NbN films 
AlN film thickness [nm] 0 1 2 3 4 
Ra [nm] 0.73 0.71 0.74 0.73 0.70 
FWHM of Nb(200) diffraction peaks [deg.] 1.31 1.20 1.08 1.18 1.20 
FWHM of Nb(110) ĳ-scan diffraction peaks [deg.] 1.50 1.70 1.50 1.60 1.65 
 
Fig. 4 shows typical XRD ĳ-scan diffraction patterns of Nb(150 nm)/NbN(3 nm) single-layered and Nb(50 
nm)/AlN(1 nm)/Nb(100 nm)/NbN(3 nm) multi-layered films. We found that the Nb(110) ĳ-scan diffraction peaks of 
single-layered and multi-layered films appeared at the same angles, at intervals of 90 degree. The result of Fig. 3 and 4 
indicated that the diffraction peak intensity of Nb(200) for multi-layered was smaller than that of single-layered. 
Therefore the crystal structure of top-Nb electrode of multi-layered films had poor orientation or fine crystal. Table 2 
shows characteristics for surface roughness and crystal structure of Nb/AlN/Nb/NbN multi-layered films. Surface 
roughness multi-layered films were obtained flat compare with the single-layered films. This result could be expected 
that the Ra at the interfaces between the top-Nb electrode layer and the AlN layer of Nb/AlN/Nb/NbN multi-layered 
films were less than 0.74 nm. Because of roughness at interfaces of multi-layers might be smaller than the surface 
roughness. We have to observe the interfaces of the multi-layer employed the TEM and use a tunnel spectroscopy in 
future. The multi-layered films had almost the same crystal structure as the single-layered films. However, this result 
means that in-plane orientation of the base-Nb electrode layer of Nb/AlN/Nb/NbN multi-layered films was observed. 
Therefore, we will think about estimation by the reflection high energy electron diffraction (RHEED) in order to 
investigate the orientation of the top-Nb electrode of the multi-layered films. 
4. Conclusion 
We developed a method for examining epitaxial growth techniques of Nb films and characteristics of surface 
roughness and crystal structure of multi-layered Nb/AlN/Nb/NbN films by using the reactive dc magnetron sputtering. 
The varying thicknesses of NbN buffer films had effective to obtain the Nb(200) orientation and helped the epitaxial 
growth of the Nb films on the NbN buffered MgO substrates. The ĳ-scan diffraction peak positions of Nb(200) were 
shifted by 45 degrees compared with those of both NbN(220) and MgO(220). The interfaces of multi-layers might be 
smaller than the surface roughness. The top-Nb electrode had poor orientation or fine crystal. 
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